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schemes to deal with the polarization of diquark
Hong-Wei Ke1 ∗, Ning Hao1 and Xue-Qian Li2†,
1 School of Science, Tianjin University, Tianjin 300072, China
2 School of Physics, Nankai University, Tianjin 300071, China
Abstract
Thanks to the remarkable achievements of LHC, a large database on baryons has been accumu-
lated, so it is believed that the time for precisely studying baryons especially heavy baryons, has
come. By analyzing the data, the quark-diquark structure which has been under intensive discus-
sions, can be tested. In this work the decay widths of weak transitions Σb → Σ∗c +X are calculated
in terms of the light front quark model (LFQM). To carry out the calculations, the quark-diquark
picture is employed where an axial-vector diquark composed of two light quarks serves as a specta-
tor in the concerned processes. The first step of this work is to construct the vertex functions for
Σ
(∗)
c and Σb, then the relevant form factors are derived. It is shown that under the heavy quark
limit the Isgur-Wise functions for the transition are re-deduced. Indeed, how to properly depict the
polarization (ǫµ) of the diquark is slightly tricky. In this work, we apply two schemes to explicitly
determine the momentum-dependence of the diquark. The corresponding numerical results are
presented which will be testified by the future experiments.
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I. INTRODUCTION
It is well noted, the data of mesons much exceed those of baryons, so the studies on
the mesonic properties such as the mass spectra, production and decay mechanisms are
abundant as well as many so called anomalies in the wide area. The reason is obvious that
meson productions are more easily realized for electron-positron colliders. By contrast, the
statistics on baryonic properties is relatively poor. Baryons possess three valence constituents
whereas there are only two (quark-antiquark) in regular mesons. From the theoretical aspect,
dealing with a three-body system is much more complicated than a two-body one. This is
an old problem even exists in classical mechanics. Indeed, when a sufficiently large database
lacked, an accurate study on baryons seemed not so compelling yet.
However at present, the situation is changed by emergence of great number of baryons,
especially those containing one or two heavy quarks (anti-quarks). Researchers have op-
portunities to carry out more accurate studies on the baryonic processes. The standard
approach for handling three-body systems is the Faddeev equations, which mathematically
is rather difficult to be solved unless some simplification is taken into account. Among all the
simplification schemes, the quark-diquark picture is more realistic especially for the heavy
baryons. In the weak decay of a heavy baryon into another heavy baryon, only the heavy
quarks take part in the transition while the light quarks can be regarded as spectators. At
least at the leading order this is a good approximation. Thus the spins, flavors and isospins
of the two light quarks remain as conserved quantum numbers during the transition, so that
their combination can be considered as a loosely bound subsystem, i.e. a diquark whose
inner structure can be manifested by a form factor. Generally, the form factor possesses a
few free parameters which would be determined by fitting data or via some model-dependent
calculations. The picture of baryon is most commonly adopted for calculating the mass spec-
tra and transition rates. The authors of Refs.[1–6] studied the transitions between two heavy
baryons in terms of the quark-diquark picture and the theoretical results are qualitatively
accordant with the data. The picture is still in acute dispute although it is very effective
and useful for studying the processes where baryons are involved. To confirm the validity of
the picture, one may study typical transitions between heavy baryons. That is the goal of
our paper.
In this paper we will study the transition Σb → Σ∗c where the light diquark in the decay is
regarded as a spectator. The hadronic matrix element for Σb → Σ∗c is generally parameterized
by a few form factors. Under the heavy quark limit[7] those form factors can be reduced into
two Isgur-Wise functions[1, 2]. Some authors [1–5] calculated the form factors for Σb → Σ∗c
in various approaches where heavy quark limit was employed. Here we may consider a more
general case beyond the heavy quark effective theory (HQET) and obtain the form factors.
Parallel to numerous phenomenological models, the light-front quark model (LFQM) has
been successfully applied to study transitions between different mesons [8–16]. For example
in Ref.[11] the authors predicted some decay rates of B and the results are consistent with
data (Table XIV in Ref.[11]). The decay constants of several charmed mesons are calculated
in Ref.[13] and are accordant to the data (Table II In Ref.[13]). The approach has also
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been applied to deal with transition amplitudes between two baryons in the quark-diquark
picture[17, 18].
However the formulas in [18] cannot be directly applied to Σb → Σ∗c because the quantum
number of Σ∗c is
3
2
+
[1, 2]. Since the isospin of both Σb and Σ
(∗)
c is 1, the light ud diquark must
be in an isospin-1 and color 3¯ state. To guarantee the wavefunction of the ud diquark to be
totally antisymmetric for spin×color×flavor the spin of the ud system should be 1. Thus we
need to re-construct the vertex function for a 3
2
+
heavy baryon which is regarded as a bound
state of a heavy quark and a light axial vector diquark. The key problem is to validate the
momentum dependence of the polarization of the axial diaquark. Naively, one should expect
that the polarization vector in the vertex function directly depends on the momentum of the
diquark. While the vertex function containing the polarization vector is deduced from the
Clebsch-Gordan (CG) coefficients, the polarization uniquely depends on the total momentum
of the baryon. In order to study the vertex function with an axial diquark we employ two
schemes to deal with the polarization of the axial vector. We name them as Scheme I where
the polarization vector depends on the momentum of the baryon and Scheme II where the
polarization vector depends on the momentum of the diquark. Then using the Feynman rules
in LFQM we write down the transition matrix element which is parametrized by eight form
factors. Under the heavy quark limit, the transition matrix element of Σb → Σ∗c is reduced
into a simple form which is described by merely two generalized Isgur-Wise functions.
In this paper we will explore the the semileptonic and non leptonic decays of Σb → Σ∗c .
By studying these decays of baryons we can get a better understanding on baryon structures
and interactions among the constituents. These decays also provide valuable information
of the CKM parameters and serve as an ideal laboratory to study non-perturbative QCD
effects in the heavy baryon system. The semileptonic decay is relatively simple and not
contaminated by the final state re-scattering effects, therefore one only needs to consider the
pure hadronic transition between two hadrons, thus studies on semileptonic decays might
be more favorable for testing the employed model and/or constrain the model parameters.
Indeed, comparing our theoretical results with data the model parameters which are hidden
in the vertex functions can be fixed. Even the widths of the non-leptonic decay Σb → Σ∗c+M
can also be evaluated in a similar way while assuming the interaction between the produced
meson and heavy baryon to be weak, so that final state interactions can be ignored. Within
the framework of the light-front model some parallel approached developed in Ref.[19–22]
were employed to study the decay of hadron.
This paper is organized as follows: after the introduction, in section II we construct the
vertex functions of heavy baryons, then write down the transition amplitude for Σb → Σ∗c in
the light-front quark model and deduce the form factors with (without) using the heavy quark
approximation, then we present our numerical results for Σb → Σ∗c along with all necessary
input parameters in section III. Section IV is devoted to our conclusion and discussions.
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II. Σb → Σ∗c IN THE LIGHT-FRONT QUARK MODEL
Assuming the quark-diquark structure[1, 2], the heavy baryons Σb, Σ
∗
c and Σc consist of
a light 1+ diquark [ud] and one heavy quark b(c). To ensure the right quantum numbers
of (1
2
)+ and (3
2
)+, the orbital angular momentum between the two components is zero, i.e.
l = 0, while the spin of the diquark is 1. First we need to construct the vertex functions of
ΣQ and Σ
∗
Q according to their quantum numbers. We employ two schemes to deal with the
polarization of the axial vector for its momentum dependence.
A. the vertex functions of ΣQ and Σ
∗
Q in Scheme I
In Refs.[23, 24] with the same model the authors calculated decay rates of pentaquark
which is supposed to be in the antiquark-diquark-diquark structure. In their work ap-
propriate vertex functions are constructed. Returning to our case where baryons are of a
quark-diquark structure, thus, a similarity between baryon and pentaquark structures hints
us that we may imitate the way for constructing the vertex functions of pentaquark[23, 24]
to obtain the corresponding those for ΣQ and Σ
∗
Q . The wavefunction of ΣQ with a total
spin S = 1/2 and momentum P is
|ΣQ(P, S, Sz)〉 =
∫
{d3p˜1}{d3p˜2} 2(2π)3δ3(P˜ − p˜1 − p˜2)
× ∑
λ1,m
ΨSSz(p˜1, p˜2, λ1, σ)C
α
βγF
ij | Qα(p1, λ1)[qβ1iqγ2j(σ)](p2)〉, (1)
whereQ represents b or c, [q1q2] here is [ud], λ denotes its helicity, σ stands for the polarization
projection, p1, p2 are the on-mass-shell light-front momenta defined by
p˜ = (p+, p⊥), p⊥ = (p
x, py), p− =
m2 + p2⊥
p+
, (2)
and
{d3p˜} ≡ dp
+d2p⊥
2(2π)3
, δ3(p˜) = δ(p+)δ2(p⊥),
| Q(p1, λ1)[q1q2](p2)〉 = b†λ1(p1)a†(p2)|0〉,
[aσ′(p
′), a†σ(p)] = 2(2π)
3δ3(p˜′ − p˜)δσ′σ,
{dλ′(p′), d†λ(p)} = 2(2π)3δ3(p˜′ − p˜)δλ′λ, (3)
The coefficient Cαβγ is a normalized color factor and F
ij is a normalized flavor coefficient,
CαβγF
ijCα
′
β′γ′F
i′j′〈Qα′(p′1, λ′1)[qβ
′
1i′q
γ′
2j′(σ
′)](p′2)|Qα(p1, λ1)[qβ1iqγ2j(σ)](p2)〉
= 22(2π)6δ3(p˜′1 − p˜1)δ3(p˜′2 − p˜2)δλ′1λ1δσσ′ . (4)
Intrinsic variables (xi, ki⊥) with i = 1, 2 are introduced to describe the internal motion of
the constituents through
p+1 = x1P¯
+, p+2 = x2P¯
+, x1 + x2 = 1,
p1⊥ = x1P¯⊥ + k1⊥, p2⊥ = x2P¯⊥ + k2⊥, k⊥ = −k1⊥ = k2⊥, (5)
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where xi are the light-front momentum fractions satisfing 0 < xi < 1. The invariant mass
square M20 is defined as
M20 =
k21⊥ +m
2
1
x1
+
k22⊥ +m
2
2
x2
. (6)
The invariant mass M0 is different from the hadron mass M which satisfies the physical
mass-shell condition M2 = P 2. This is due to the fact that the baryon, heavy quark and
diquark cannot be on their mass shells simultaneously. The internal momenta are defined as
ki = (k
−
i , k
+
i , ki⊥) = (ei − kiz, ei + kiz, ki⊥) = (
m2i + k
2
i⊥
xiM0
, xiM0, ki⊥). (7)
It is easy to obtain
M0 = e1 + e2,
ei =
xiM0
2
+
m2i + k
2
i⊥
2xiM0
=
√
m2i + k
2
i⊥ + k
2
iz,
kiz =
xiM0
2
− m
2
i + k
2
i⊥
2xiM0
, (8)
where ei denotes the energy of the i-th constituent. The momenta ki⊥ and kiz constitute a
momentum vector ~ki = (ki⊥, kiz) and correspond to the components in the transverse and z
directions, respectively. m1(m2) is the mass of the heavy quark (the light diquark).
The momentum-space function ΨSSzΣc (p˜1, p˜2, λ1, σ) in Eq. (1) is expressed as
ΨSSzΣc (p˜1, p˜2, λ1, σ) =
〈
λ1
∣∣∣R†M (x1, k1⊥, m1)∣∣∣ s1〉
〈
1
2
s1; 1σ
∣∣∣∣12Sz
〉
ϕ(x, k⊥) ,
where 〈1
2
s1; 1s2|12Sz〉 is the C-G coefficients corresponding to the concerned transition and
s1(m) are the spin projections of the constituents the heavy quark (diquark).
〈1
2
s1; 1σ|1
2
Sz〉 = A1u¯(p1, s1)−γ5ε
∗/(P¯ , σ)√
3
u(P¯ , Sz). (9)
Calculating the modular squares of the two sides and summing over all the polarizations,
one obtains
A1 =
1√
2(M0m1 + p1 · P¯ )
. (10)
A1 also can be obtained by substituting the explicit expressions of u¯(p1, s1) ε
∗/(P¯ , σ)
u(P¯ , Sz) into Eq.(2), where Sz is also spin projection of baryon[23, 24].
A Melosh transformation brings the the matrix elements from the spin-projection-on-
fixed-axis representation into the helicity representation and is explicitly written as
〈
λ1
∣∣∣R†M(x1, k1⊥, m1)∣∣∣ s1〉 = u¯(k1, λ1)u(k1, s1)2m1 .
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Following Refs. [23, 24], the Melosh-transformed matrix is expressed as
〈
λ1
∣∣∣R†M(x1, k1⊥, m1)∣∣∣ s1〉
〈
1
2
s1; 1σ
∣∣∣∣12Sz
〉
=
1√
6(p1 · P¯ +m1M0)
u¯(p1, λ1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz), (11)
where
εµ(P¯ , 0) = (P¯+,
P¯ 2⊥ −M20
P¯+
, P⊥),
εµ(P¯ ,±1) = (0, 2
P¯+
ε⊥(±1) · P¯⊥, ε⊥(±1)),
ε⊥(±1) = ∓(1,±i)/
√
2 (12)
with ϕ(x, k⊥) = 4(
pi
β2
)3/4 e1e2
x1x2M0
exp(−k
2
2β2
). In this way, the finial expression
ΨSSzΣc (p˜1, p˜2, λ1, σ) =
1√
6(p1 · P¯ +m1M0)
u¯(p1, λ1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz)ϕ(x, k⊥), (13)
which is the same as that given in those papers[23, 24].
For the baryon Σ∗Q with the total spin S = 3/2, the wavefunction is a bit more complicated
as
ΨSSz(p˜1, p˜2, λ1, σ) =
〈
λ1
∣∣∣R†M (x1, k1⊥, m1)∣∣∣ s1〉
〈
1
2
s1; 1σ
∣∣∣∣32Sz
〉
ϕ(x, k⊥) , (14)
and one has
〈1
2
s1; 1σ|3
2
Sz〉 = A′1u¯(p1, s1)ε∗α(P¯ , σ)uα(P¯ , Sz). (15)
Evaluating the modular squares of the left and right sides separatively and summing over
all the polarizations one has
A′1 =
1√
2(p1 · P¯ +m1M0)
. (16)
The finial expression is
ΨSSzΣ∗c (p˜1, p˜2, λ1, σ) =
1√
2(p1 · P¯ +m1M0)
u¯(p1, s1)ε
∗α(P¯ , σ)uα(P¯ , Sz)ϕ(x, k⊥). (17)
All other relevant notations can be found in Ref.[24].
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⊗Σb Σ
∗
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b c
[ud]
FIG. 1: The Feynman diagram for Σb → Σ∗c transitions, where
⊗
denotes V −A current vertex.
B. the vertex functions of ΣQ and Σ
∗
Q in Scheme II
For the axial vector diquark inside the baryons Σc or Σ
∗
c , a natural conjecture is that
the polarization vector ε in the finial expressions of ΨΣc and ΨΣ∗c should depend on the
momentum of the diquark: p2, instead of the total momentum P¯ . With this consideration,
we rewrite the expressions of ΨΣc and ΨΣ∗c as
ΨSSzΣc (p˜1, p˜2, λ1, σ) =
A2√
6(p1 · P¯ +m1M0)
u¯(p1, λ1)[−γ5ε∗/(p2, σ)]u(P¯ , Sz)ϕ(x, k⊥), (18)
ΨSSzΣ∗c (p˜1, p˜2, λ1, σ) =
A′2√
2(p1 · P¯ +m1M0)
u¯(p1, s1)ε
∗α(p2, σ)uα(P¯ , Sz)ϕ(x, k⊥), (19)
with A2 =
√
12(M0m1+p1·P¯ )
12M0m1+4p1P¯+8p1·p2p2·P¯ /m22
and A′2 =
√
3M2
0
m2
2
2M2
0
m2
2
+(P¯ ·p2)2
which can be obtained by
normalizing the state |ΣQ(P, S, Sz)〉 as,
〈ΣQ(P ′, S ′, S ′z)|ΣQ(P, S, Sz)〉 = 2(2π)3P+δ3(P˜ ′ − P˜ )δS′SδS′zSz . (20)
In fact, the coefficients A2 and A
′
2 would change to 1 when p2 and m2 are replaced by P¯
and M0 respectively, thus the expressions in Eq. (13) and (17) are recovered. In Ref. [25]
the authors present a similar vertex function for ΣQ which adds a term ε
∗(p2, σ) · P¯ into Eq.
(18) of this work. Since a normalization condition is required for every vertex function the
difference would not seriously affect the results.
C. Calculating the form factors of Σb → Σ∗c in LFQM
The leading order Feynman diagram responsible for the Σb → Σ∗c weak decay is shown in
Fig. 1. Following the approach given in Ref.[23, 24] the transition matrix element can be
computed with the wavefunctions of | Σb(P, S, Sz)〉 and | Σ∗c(P, S, Sz)〉 in the Scheme I,
〈Σ∗c(P ′, S ′z) | c¯γµ(1− γ5)b | Σb(P, Sz)〉
=
∫
{d3p˜2}
φ∗Σ∗c (x
′, k′⊥)φΣb(x, k⊥)
2
√
3p+1 p
′+
1 (p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
×u¯α(P¯ ′, S ′z)[εα(P¯ ′, σ′)](p1/′ +m′1)γµ(1− γ5)(p1/+m1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz), (21)
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where
m1 = mb, m
′
1 = mc, m2 = m[ud], (22)
and Q (Q′) represents the heavy quark b (c), p1 (p
′
1) denotes the four-momentum of the
heavy quark b (c), P (P ′) stands as the four-momentum of Σb (Σ
∗
c). Setting p˜2 = p˜
′
2, we have
x′ =
P+
P ′+
x, k′⊥ = k⊥ + x2q⊥. (23)
Instead, with the Scheme II the transition matrix element is obtained by replacing
ε∗(P¯ ′, σ) and ε(P¯ , σ) by A′2ε
∗(p2, σ) and A2ε(p2, σ) in Eq. (21). It is noted that one can
use the formula ε∗(p2, σ)
µε(p2, σ)
ν = −gµν + p
µ
2
pν
2
m2
2
to deal with ε∗(p2, σ) but he needs the
components of the polarization vectors of ε∗(P¯ ′, σ) and ε(P¯ , σ) while summing over the
polarizations. The transition matrix element is calculated in the q+ = 0 reference frame.
The form factors for the weak transition Σb → Σ∗c are defined in the standard way as
〈Σ∗c(P ′, S ′, S ′z) | c¯γµ(1− γ5)b | Σb(P, S, Sz)〉
= u¯α(P
′, S ′z)
[
γµP α
f1(q
2)
MΣb
+
f2(q
2)
MΣbMΣb
P αP µ +
f3(q
2)
MΣbMΣ∗c
P αP ′µ + f4(q
2)gαµ
]
u(P, Sz)−
u¯α(P
′, S ′z)
[
γµP α
g1(q
2)
MΣb
+
g2(q
2)
MΣbMΣb
P αP µ +
g3(q
2)
MΣbMΣ∗c
P αP ′µ + g4(q
2)gαµ
]
γ5u(P, Sz),(24)
where q ≡ P − P ′, Q and Q′ denote b and c, respectively.
The baryon spinors u(P, Sz) and u¯(P
′, Sz) which appear in the above formula are different
from u(P¯ , Sz) and u¯(P¯
′, Sz). The spinors in Eq. (21) which are functions of momenta P¯
and P¯ ′ do not correspond to on-mass-shell states, whereas u(P, Sz) and u¯(P
′, Sz) stand for
the the on-shell baryons. Concretely, P¯ (
′)2 + M2Σb(MΣ∗c )
6= E2Σb(MΣ∗c ), as P¯ and P¯
′ are the
sums of the momenta of the involved constituents (quark and diquark) which are on their
mass shells. Thus in principle one cannot obtain the form factors f1, f2, f3, f4, g1, g2, g3
and g4 from Eq.(21) at all. In Eq. (21), the hadronic matrix elements are calculated in
the light-front-quark model in the un-physical regions. Since P and P ′ obey the relations
E(
′)2 = P (
′)2 +M (
′)2, the form factors in Eq. (24) are not directly extracted from Eq. (21).
To remedy the conflict, if it is assumed that the form factors are the same in both physical
and unphysical regions, we can extrapolate Eq. (24) to the following equation (Eq. (25))
where the spinors on the right side are off-shell, with the same form factors.
The Eq. (24) is re-written as
〈Σ∗c(P ′, S ′, S ′z) | c¯γµ(1− γ5)b | Σb(P, S, Sz)〉
= u¯α(P¯
′, S ′z)
[
γµP¯ α
f1(q
2)
MΣb
+
f2(q
2)
MΣbMΣb
P¯ αP¯ µ +
f3(q
2)
MΣbMΣ∗c
P¯ αP¯ ′µ + f4(q
2)gαµ
]
u(P¯ , Sz)−
u¯α(P¯
′, S ′z)
[
γµP¯ α
g1(q
2)
MΣb
+
g2(q
2)
MΣbMΣb
P¯ αP¯ µ +
g3(q
2)
MΣbMΣ∗c
P¯ αP¯ ′µ + g4(q
2)gαµ
]
γ5u(P¯ , Sz),(25)
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here f1, f2, f3, f4, g1, g2, g3 and g4 are supposed to be invariant for any definite q
2 no matter
q = P ′ − P or q = P¯ ′ − P¯ .
Multiplying the following expressions u¯(P¯ , Sz)γ
µP¯ βuβ(P¯
′, S ′z), u¯(P¯ , Sz)P¯
′µP¯ βuβ(P¯
′, S ′z)
, u¯(P¯ , Sz)P¯
µP¯ βuβ(P¯
′, S ′z), u¯(P¯ , Sz)g
µβuβ(P¯
′, S ′z), u¯(P¯ , Sz)γ
µP¯ βγ5uβ(P¯
′, S ′z),
u¯(P¯ , Sz)P¯
′µP¯ βγ5uβ(P¯
′, S ′z) , u¯(P¯ , Sz)P¯
µP¯ β γ5uβ(P¯
′, S ′z), and u¯(P¯ , Sz)g
µβγ5uβ(P¯
′, S ′z)
to the right sides of Eq.(21) and Eq.(25) (µ = +), several algebraic equations are obtained.
Then by solving them we achieve f1, f2, f3, f4, g1, g2, g3 and g4 (See Appendix for detail).
D. The generalized Isgur-Wise functions for the transition
Under the heavy quark limit (mQ →∞)[26], the eight form factors fi, gi (i=1,2,3,4) are
no longer independent and the matrix elements are totally determined by two Isgur-Wise
functions ξ1(v · v′) and ξ2(v · v′) and they are defined through the following expression[1, 2]
< Σ∗c(v
′, S ′z) | Q¯′v′γµ(1− γ5)Qv | Σb(v, Sz) >
=
1√
3
[gαβξ1(ω)− vαv′βξ2(ω)]u¯α(v′, S ′z)γµ(1− γ5)(γβ + vβ)γ5u(v, Sz), (26)
where ω ≡ v · v′, and
f1 = −ξ1 − ξ2 − ξ2w√
3
, f2 = 0, f3 = −2ξ2√
3
, f4 =
2ξ1√
3
g1 = −ξ1 + ξ2 − ξ2w√
3
, g2 = 0, g3 =
2ξ2√
3
, g4 = −2ξ1√
3
. (27)
Thus using these relations one can immediately obtain the form factors with the heavy
quark limit from the Isgur-Wise functions.
With the re-normalized wavefunctions[23, 24]
| ΣQ(P, Sz)〉 →
√
MΣQ | ΣQ(v, Sz)〉,
u(P¯ , Sz) → √mQu(v, Sz)
φΣQ(x, k⊥) →
√
mQ
X
Φ(X, k⊥), (28)
and
MΣQ → mQ, M0 → mQ,
e1 → mQ,
e2 → v · p2 = m
2
2 + k
2
⊥ +X
2
2X
,
~k2 → (v · p2)2 −m22,
p1/ +m1 → mQ(v/+ 1)
e1e2
x1x2M0
→ mQ
X
(v · p2), (29)
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the transition matrix elements obtained in the previous section are re-formulated under the
heavy quark limit.
In the Scheme I
〈Σ∗c(v′, S ′z) | c¯v′γµ(1− γ5)bv | Σb(v, Sz)〉
= −
∫
dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1√
3
u¯α(v
′, S ′z)γ
µ(1− γ5)(γβ + vβ)γ5
u(v, Sz)ε
α∗(P¯ ′, σ)εβ(P¯ , σ), (30)
with
Φ(X, k⊥) = 4
√
v · p2
(
π
β2∞
) 3
4
exp
(
−(v · p2)
2 −m22
2β2∞
)
,
Φ(X ′, k′⊥) = 4
√
v′ · p2
(
π
β2∞
) 3
4
exp
(
−(v
′ · p2)2 −m22
2β2∞
)
, (31)
where β∞ denotes the value of β in the heavy quark limit.
The transition matrix element is
< Σ∗c(v
′, S ′z) | c¯v′γµ(1− γ5)bv | Σb(v, Sz) >
= −
∫ dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1√
3
u¯α(v
′, S ′z)γ
µ(1− γ5)(γβ + vβ)γ5
u(v, Sz)(a1g
αβ + a2v
αv′β + a3v
′αvβ + a4v
′αv′β + a5v
αvβ). (32)
Using the relation u¯′γ5(v
′/ + 1) = (v/ + 1)γ5u = 0, the terms involving a3, a4 and a5 do not
contribute to the transition, thus
< Σ∗c(v
′, S ′z) | c¯v′γµ(1− γ5)bv | Σb(v, Sz) >
= −
∫
dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1√
3
u¯α(v
′, S ′z)γ
µ(1− γ5)(γβ + vβ)γ5
u(v, Sz)(a1g
αβ + a2v
αv′β), (33)
and
a1 = −1
a2 =
1
ω + 1
(34)
In the Scheme II
〈Σ∗c(v′, S ′z) | c¯v′γµ(1− γ5)bv | Σb(v, Sz)〉
= −
∫ dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)
1√
3
u¯α(v
′, S ′z)γ
µ(1− γ5)(γβ + vβ)γ5
u(v, Sz)(
pα2p
β
2
m22
− gαβ), (35)
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with
Φ(X, k⊥) =
√
24
16 + 8v · p22/m22
4
√
v · p2
(
π
β2∞
) 3
4
exp
(
−(v · p2)
2 −m22
2β2∞
)
,
Φ(X ′, k′⊥) =
√
3
2 + v′ · p22/m22
4
√
v′ · p2
(
π
β2∞
) 3
4
exp
(
−(v
′ · p2)2 −m22
2β2∞
)
, (36)
and
a1 = −(w
2 − 1)p22 + 2v · p2v′ · p2ω − (v′ · p2)2 − (v · p2)2
2m22(ω
2 − 1) ,
a2 = −ω(ω
2 − 1)p22 − 2v · p2v′ · p2(2ω2 + 1) + 3ω[(v′ · p2)2 + (v · p2)2]
2m22(ω
2 − 1)2 . (37)
Comparing Eq.(32) with Eq. (26), we get
ξ1 = −
∫
dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)a1, (38)
ξ2 =
∫ dX
X
d2k⊥
2(2π)3
Φ(X, k⊥)Φ(X
′, k′⊥)a2. (39)
Here ξ1 and ξ2 are similar to the forms appearing in Eq.(4.18) and Eq. (4.19) of Ref.[24].
We are able to directly evaluate them in the time-like region by choosing a reference frame
with q⊥ = 0. It is noted that the components of ε(P¯
′, σ) and P¯ ′ are different from those in
the reference frame with q+ = 0.
III. NUMERICAL RESULTS
In order to evaluate the transition rate of Σb → Σ∗c one needs to pre-set all input param-
eters. The baryon masses MΣb = 5.811 GeV, MΣ∗c = 2.517 GeV are taken from[27]. The
heavy quark masses mb and mc are set following Ref.[11]. In our calculation, the mass of
the light axial vector diquark m[ud]
V
is set to be 770 MeV[1]. It can be conjectured that
the diquark mass m[ud]
V
is close to the mass of an s quark (here we consider the constituent
quark masses instead of current quark masses), thus we set βb[ud] = βbs¯ and βc[ud] = βcs¯ while
the values of the corresponding model parameters are adopted from the meson cases[11].
The relevant input parameters are collected in Table I.
First of all, we need to numerically calculate the form factors, then using them we are
able to predict the rates of semi-leptonic processes Σb → Σ∗c lν¯l and non-leptonic decays
Σb → Σ∗cM− (M represents π, K, ρ, K∗, a1 etc.).
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TABLE I: Quark mass and the parameter β (in units of GeV).
mc mb m[ud] βc[ud] βb[ud]
1.3 4.4 0.77 0.45 0.50
TABLE II: The Σb → Σ∗c form factors given in the three-parameter form in Scheme I.
F F (0) a b
f1 0 0.225 -0.388
f2 0.100 2.23 8.57
f3 -0.292 1.66 2.42
f4 0.561 1.80 1.50
g1 -0.356 2.47 4.80
g2 0 0.044 -0.167
g3 0.365 2.38 0.69
g4 -0.784 2.07 1.49
A. Σb → Σ∗c form factors and the Isgur-Wise functions in Scheme I
Since these form factors fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4) are evaluated in the frame
q+ = 0 i.e. q2 = −q2⊥ ≤ 0 (the space-like region) one needs to extend them into the time-
like region. As commonly adopted in literature, we may employ a three-parameter form
factor[24]
F (q2) =
F (0)(
1− q2
M2
Σb
)[
1− a
(
q2
M2
Σb
)
+ b
(
q2
M2
Σb
)2] , (40)
where F (q2) denotes the form factors fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4). However, this
extrapolation shown in Eq. (40) suffers a fatal disadvantage that if F (0) = 0, the form factor
would remain zero for q2 6= 0, which obviously is invalid. Therefore we employ an alternative
three-parameter extrapolation as
F (q2) = F (0)− a q
2
M2Σb
+ b
(
q2
M2Σb
)2
. (41)
Using the form factors in the space-like region we may calculate numerically the parameters
a, b and F (0), namely fixing Fi(q
2 ≤ 0). As discussed in previous section, these form factors
are extended into the physical region with q2 ≥ 0 through Eq. (40) or (41). The fitted values
of a, b and F (0) in the form factors fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4) are presented in
Table II. The dependence of the form factors on q2 is depicted in Fig. 2.
Now let us turn to calculate the form factors in the HQET. In the heavy quark limit,
12
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FIG. 2: (a) the form factors fi (i = 1, 2, 3, 4)and (b) the form factors gi (i = 1, 2, 3, 4)
in Scheme I
β∞ = 0.50 GeV is used for Σb and Σ
∗
c . The Isgur-Wise function is parameterized as
ξ(ω) = 1− ρ2(ω − 1) + σ
2
2
(ω − 1)2, (42)
where ρ2 ≡ −dξ(ω)
dω
|ω=1 is the slope parameter and σ2 ≡ d2ξ(ω)dω2 |ω=1 is the curvature of the
Isgur-Wise function. To fit some available data, we write up the expressions with definite
values as
ξ1 = 1− 1.90(ω − 1) + 1.58(ω − 1)2 (43)
ξ2 = 0.50[1− 2.36(ω − 1) + 2.28(ω − 1)2]. (44)
The dependence of the Isgur-Wise function ξ1 on ω is depicted in Fig.3(a). Let us compare
ξ1 obtained in this work with that given in Ref.[4]. One can notice that ξ1|ω=1 = 1 holds,
which is the mandatory normalization of the Isgur-Wise function. The dashed line (line
1) and the solid line (line 2) are our results in Scheme I and Scheme II respectively with
the diquark mass being 770 MeV. The dotted line (line 3) and the dash-dotted line (line 4)
correspond to Λ¯ = 750 MeV and Λ¯ = 800 MeV1 respectively.
The dependence of the Isgur-Wise function ξ2 on ω is depicted in Fig.3(b). The dotted
line (line 1) and the solid line (line 2) are the results obtained in Scheme I and Scheme II
1 Λ¯ is the difference between the heavy baryon mass and the heavy quark mass. This figure is in somewhat
analogue to that we achieved for the transition of a spin-1/2 baryon to another spin-1/2 baryon.
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FIG. 3: (a) The Isgur-Wise function ξ1(ω) for Σb → Σ∗c where the line 1 and 2 are our results
of ξ1(ω) in Scheme I and II respectively, whereas the line 3 and 4 are given in Ref.[4] (b) The
Isgur-Wise function ξ2(ω) for Σb → Σ∗c where the line 1 and 2 also are the results in Scheme I and
II respectively.
respectively. We observe that ξ2|ω=1 = 1/2 in Scheme I is consistent with that obtained in
Ref. [28, 29].
Using the aforementioned relations between the form factors fi (i = 1, 2, 3, 4) and gi (i =
1, 2, 3, 4)) and the Isgur-Wise functions (ξ1 and ξ2), we obtain the form factors fi (i =
1, 2, 3, 4) and gi (i = 1, 2, 3, 4) in the heavy quark limit. According to the relations in Eq.
(27) f2 and g2 are equal to 0. f3 nearly overlaps with f2 and g3 overlaps with g4.
By Fig. 2 and Fig. 4 we see that without taking the heavy quark limit the absolute
values of the the form factors fi(i = 1, 2, 3, 4) and g1 are slightly larger than those got with
the heavy quark limit. Especially the values of f2(q
2) with the heavy quark limit are exactly
equal to 0 but the values without the heavy quark limit slightly deviate from zero. One
also can find that the values of g2(q
2) without the heavy quark limit are close to those with
the heavy quark limit and the absolute values of the the form factors g3 and g4 without the
heavy quark limit are slightly larger than those with the heavy quark limit at the small value
of q2. For the larger q2, g3(q
2) and g4(q
2) deviate from the values under the heavy quark
limit to a certain extent.
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FIG. 4: (a) the form factors fi (i = 1, 2, 3, 4)and (b) the form factors gi (i = 1, 2, 3, 4) in heavy
quark limit in Scheme I
TABLE III: The Σb → Σ∗c form factors given in the three-parameter form in Scheme II.
F F (0) a b
f1 -0.0744 0.967 0.755
f2 0.117 2.39 3.02
f3 -0.203 2.13 2.52
f4 0.546 1.37 1.02
g1 -0.367 1.88 1.70
g2 0.0205 1.19 1.29
g3 0.272 2.31 2.91
g4 -0.763 1.54 1.18
B. Σb → Σ∗c form factors and the Isgur-Wise functions in Scheme II
Now we repeat the calculation done in last subsection within the framework of Scheme II.
The fitted values of a, b and F (0) in the form factors fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4)
are presented in Table III. The dependence of the form factors on q2 is depicted in Fig. 5.
Comparing Fig. 5 and Fig. 2 one can find that fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4) change
more smoothly in Fig. 5, the values of fi (i = 1, 2, 3, 4) in the two schemes are close to each
other and the values of g2 in the two schemes are close to 0 but there are some apparent
differences between the values of g1, g3 and g4 in the two schemes.
15
0 2 4 6 8 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
0 2 4 6 8 10
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
1.8
(b) q
2
 
 
g 1
,g
2,g
3 a
nd
 g
4
 -g
1
  g
2
  g
3
 -g
4
(a) q2
 
 
f 1,
f 2,
f 3 
an
d 
f 4
 -f
1
  f
2
 -f
3
  f
4
FIG. 5: (a) the form factors fi (i = 1, 2, 3, 4) and (b) the form factors gi (i = 1, 2, 3, 4) in Scheme II
In the heavy quark limit, the Isgur-Wise function is fitted as
ξ1 = 1− 2.08(ω − 1) + 1.84(ω − 1)2 (45)
ξ2 = 0.409[1− 2.75(ω − 1) + 2.98(ω − 1)2]. (46)
The dependence of the Isgur-Wise functions on ω is shown in Fig.3. ξ1 in the two schemes
and those given in Ref .[4] are close to each other.
However from Fig.3(b), we observe that in Scheme II ξ2|ω=1 = 0.41 which is slightly
lower than 1/2 [28, 29]. In fact under the heavy quark limit the mass of the heavy quark
does not exist in the wavefunction, but the mass of the light diquark remains(Eq. (37)).
Therefore the theoretical evaluation on the transition rate may weakly depend on its mass.
For calculating hadronic matrix elements in terms of a concrete model with one or several
parameters which are not determined by any underlying theory yet, we let m[ud]V and β
∞
vary within reasonable ranges and see how much the numerical results depend on it(them).
In fact, it is the strategy which are generally adopted for model-dependent phenomenological
studies.
The resultant figures show that ξ1 almost does not change with respect to those variations,
but the intercept ξ2| at ω = 1 is not the same for different values of m[ud]V and β∞. As a
matter of fact the situation is exactly the same as for transitions of a spin-1/2 baryon into
another 1/2-baryon under the heavy quark limit. Thus for simplicity let us recall what we
gave in our earlier work as: ξ1|ω=1 = 1 and ξ2|ω=1 = 0.47 as m[ud]V = 0.5 GeV and β∞ = 0.4.
It is easy to understand that even though non-zero m[ud]
V
breaks the heavy quark symmetry
SUf(2)⊗SUs(2), the violation is still rather small. Therefore, one still can use the simplified
expressions with only two Isgur-Wise functions to approach the hadronic matrix elements
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for either a spin-1/2 to spin-1/2 transition or a spin-1/2 to spin-3/2 transition under the
limit.
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FIG. 6: form factors in heavy quark limit in Scheme II
Using the aforementioned relations between the form factors fi(i = 1, 2, 3, 4) and gi(i =
1, 2, 3, 4)) and the Isgur-Wise functions (ξ1 and ξ2), we obtain the form factors fi(i = 1, 2, 3, 4)
and gi(i = 1, 2, 3, 4) in the heavy quark limit. From the Fig. 5 and Fig. 6 we observe that the
absolute values of the the form factors fi(i = 1, 2, 3, 4) and gi(i = 1, 2, 3, 4) without taking
the heavy quark limit are slightly larger than those with the heavy quark limit at the same
q2. Especially the value of f2(q
2) with the heavy quark limit is exactly equal to 0 but the
value without the heavy quark limit slightly deviates from zero.
C. Semi-leptonic decay of Σb → Σ∗c + lν¯l
Using the form factors obtained in last subsection, we evaluate the rate of Σb → Σ∗c lν¯l
in two cases: with and without taking the heavy quark limit. We list our predictions in
table IV. The numerical results depend on the light diquark mass, even though not very
sensitively. In Table IV, as discussed above, with the same strategy, we let the diquark mass
and parameters βb[ud], βc[ud] fluctuate up to 10%, and the corresponding changes are listed.
It is interesting to study a ratio of the longitudinal differential rate to the transverse one
(which are integrated over ω and the ration R is defined in the appendix), since it may
provide more information about the model. R ∼ 1 would imply the spatial distribution to
be approximately uniform. Because R is more sensitive to details of the employed models, a
17
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FIG. 7: Differential decay rates dΓ/dω for the decay Σb → Σ∗c lν¯l in Scheme I(a) with heavy quark
limit; (b) without heavy quark limit
TABLE IV: The width (in unit 1010s−1) of Σb → Σ∗c lν¯l with m[ud]V = 770 ± 77MeV, βc[ud] =
0.45 ± 0.05 and βb[ud] = 0.50 ± 0.05.
Γ ΓL ΓT R
this work in Scheme Ia 3.27±0.34 1.62±0.20 1.65±0.15 0.984±0.033
this work in Scheme Ib 4.03±0.40 1.76±0.16 2.27±0.24 0.775±0.013
this work in Scheme IIa 3.17±0.30 1.58±0.16 1.59±0.13 0.994±0.024
this work in Scheme IIb 3.34±0.26 1.51±0.13 1.83±0.13 0.825±0.024
relativistic quark modela[2] 3.23 1.61 1.62 0.99
relativistic three-quark modela[4] 4.56 2.49 2.07 1.20
the Bethe-Salpeter approacha[5] 3.75 - - -
a with the heavy quark limit
bwithout the heavy quark limit
comparison of the theoretical prediction with the data which will be available at LHCb, can
help to further constrain the model parameters.
We list our numerical results of R in In Tab.IV, meanwhile the predictions achieved with
other approaches [2] are also presented. One notices from Tab.IV that our results in the two
schemes are close to that predicted by Ref.[2]. In Scheme I the total width without heavy
quark limit is larger than that with heavy quark limit apparently. In Scheme II the total
width without heavy quark limit is close to that with heavy quark limit.
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FIG. 8: Differential decay rates dΓ/dω for the decay Σb → Σ∗c lν¯l in Scheme II(a) with heavy quark
limit; (b) without heavy quark limit
The dependence of the differential decay rate of Σb → Σ∗c lν¯l on ω is depicted in Fig. 7
and Fig. 8 for Scheme I and II respectively. Fig. 7 (Fig. 8 ) (a) and (b) are corresponding
to the results with or without taking the heavy quark limits, and the two figures in Fig. 8
(Scheme II) are very similar to Fig. 7 (Scheme I) except the position of the crossing points
of the dashed and the dotted lines. In addition the differential decay rate of Σb → Σ∗c lν¯l
on ω in the two schemes with heavy quark limit are close to each other but there exists a
difference between the results in the two schemes when heavy quark limit is not taken into
account.
D. Non-leptonic decays of Σb → Σ∗c +X
From the theoretical aspects, calculating the concerned quantities of the non-leptonic
decays seems to be more complicated than the semi-leptonic ones, but can still shed lights on
the properties of the chosen model. Our theoretical framework is based on the factorization
assumption, namely the hadronic transition matrix element is factorized into a product of
two independent matrix elements of currents,
〈Σ∗c(P ′, S ′z)X | H | Σb(P, Sz)〉
=
GFVbcV
∗
qq′√
2
〈X | q¯′γµ(1− γ5)q | 0〉〈Σ∗c(P ′, S ′z) | c¯γµ(1− γ5)b | Σb(P, Sz)〉, (47)
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TABLE V: widths (in unit 1010s−1) of non-leptonic decays Σb → Σ∗cX with the light diquark mass
m[ud]
V
= 770 ± 77 MeV and β = 0.50 ± 0.05.
Scheme Ia Scheme IIa Scheme Ib Scheme IIb
Σ0b → Σ∗cπ− 0.117±0.019 0.141±0.030 0.138 ± 0.030 0.132 ± 0.025
Σ0b → Σ∗cρ− 0.391 ± 0.060 0.447 ± 0.086 0.430±0.091 0.411 ± 0.082
Σ0b → Σ∗cK− 0.0094±0.0015 0.0113 ± 0.0023 0.0109 ± 0.0024 0.0104 ± 0.0019
Σ0b → Σ∗cK∗− 0.0211 ± 0.0032 0.0237 ± 0.0045 0.0227 ± 0.0047 0.0217 ± 0.0039
Σ0b → Σ∗ca−1 0.457±0.064 0.486 ± 0.083 0.459±0.141 0.437 ± 0.076
Σ0b → Σ∗cD− 0.0163±0.0016 0.0169 ± 0.0025 0.0144 ± 0.0023 0.0139 ± 0.0020
Σ0b → Σ∗cD∗− 0.0535±0.0057 0.0495 ± 0.0054 0.0452 ± 0.0067 0.0431 ± 0.0058
Σ0b → Σ∗cD−s 0.423±0.038 0.433 ± 0.060 0.364±0.260 0.351 ± 0.0048
Σ0b → Σ∗cD∗−s 1.25±0.13 1.13± 0.12 1.03±0.14 0.99 ± 0.13
a without the heavy quark limit
b with the heavy quark limit
where the part 〈X | q¯′γµ(1 − γ5)q | 0〉 is determined by the decay constant of meson X
and the transition matrix element 〈Σ∗c(P ′, S ′z) | c¯γµ(1 − γ5)b | Σb(P, Sz)〉 was studied in the
previous sections. Since the decay Σ0b → Σ∗c +X− is the so-called color-favored transition,
the factorization should be a good approximation. The study on these non-leptonic decays
can check the validity degree of the obtained form factors for the heavy bottomed baryon
system.
Our numerical results are shown in Tab.V, where the uncertainties originate from the
variation of m[ud]
V
and β which are allowed to fluctuate by 10%. The effective Wilson
coefficient a1 is set as 1 and the meson decay constants take the same values given in Ref.[17].
Some comments are made:
(1) The ratio BR(Σb→Σ
∗
c l
−ν¯l)
BR(Σb→Σ∗cpi
−)
without the heavy quark limit is 34.44 ± 6.56 (Scheme I) or
23.69± 5.37 (Scheme II) which will be experimentally tested and the consistency would tell
us which scheme is the more realistic one.
(2)The numerical results given in Table IV indicate that the decay rate Γ(Σb → Σ∗cV ) is
2 to 3 times larger than Γ(Σb → Σ∗cP ) where P and V are pseudoscalar and vector mesons
with the same quark flavors.
E. Comparison of the results on Σb → Σc+other(s) with those on Σb → Σ∗c+other(s)
Since the only difference between Σc and Σ
∗
c is their total spins, it is natural to expect
that there possibly exists a simple relation between the decay rates of Σb → Σc + X and
Σb → Σ∗c +X . Now let us study the relation in terms of our numerical results.
From table VI one can notice:
(1) The ratio BR(Σb→Σ
∗
c l
−ν¯l)
BR(Σb→Σcl−ν¯l)
is about 2.
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TABLE VI: widths (in unit 1010s−1) of some decays Σb → Σc(Σ∗c)+other(s) without the heavy
quark limit in Scheme II.
B represents Σc B represents Σ
∗
c
Σb → Blν¯l 1.60±0.28 3.34±0.26
Σ0b → Bπ− 0.140 ± 0.037 0.141±0.030
Σ0b → Bρ− 0.396 ± 0.091 0.447 ± 0.086
Σ0b → BK− 0.0115 ± 0.0030 0.0113 ± 0.0023
Σ0b → BK∗− 0.0204 ± 0.0041 0.0237 ± 0.0045
Σ0b → Ba−1 0.369 ± 0.068 0.486 ± 0.083
Σ0b → BD−s 0.727 ± 0.150 0.433 ± 0.060
Σ0b → BD∗−s 0.558 ± 0.067 1.13± 0.12
Σ0b → BD− 0.0266 ± 0.0056 0.0169 ± 0.0025
Σ0b → BD∗− 0.0261 ± 0.0035 0.0495 ± 0.0054
(2)The theoretically predicted widths of Σb → Σc+light scalar and Σb → Σ∗c+light scalar
are nearly equal.
(3)The ratio of B(Σb → Σ∗c+light vector) over B(Σb → Σc+light vector) sways from 1 to
2, which is roughly consistent with the value 1.5 required by the SUs(2) symmetry in HQET.
It is noted that a factor 2 was missing in the formula for the transition 1
2
→ 1
2
+ V given
by[29] 2. We used it to calculate the rate of Σb → Σc + V in Ref.[18]. In this work, by
noticing that mistake, we rewrite the formula by adding up the missed factor and carry out
the corresponding calculations. In table VI, the theoretical predictions of Σb → Σc + V are
made in terms of the corrected formula.
IV. CONCLUSIONS AND DISCUSSIONS
In this paper, we explore the Σb → Σ∗c transitions in the light front quark model. We
calculate the widths of the semi-leptonic decays and non-leptonic two-body decays of Σb →
Σ∗c where the quark-diquark picture is employed so that the three-body inner structure of
the baryons is reduced into a two-body one.
Since there exists an axial diquark in Σb and Σ
∗
c , one should expect its polarization vector
in the vertex function is somehow momentum-dependent. The polarization vector deduced
from the CG coefficients uniquely depends on the momentum of the baryon. With this
momentum dependence, we name it as the Scheme I for later calculation. Alternatively,
based on a physical consideration, we would set the Scheme II where the polarization vector
of the diquark depends on its own momentum which may respect the identity p2 ·ǫ ≡ 0, since
2 We have discussed this issue with the authors of Ref.[29], and then by having carefully checked this formula
they agreed with us.
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in our model, the diquark is on its mass shell. Then, we calculate the eight form factors
and two generalized Isgur-Wise functions ξ1 and ξ2 under the heavy quark limit in the two
schemes. The form factors fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4) in Scheme II change more
smoothly than those in Scheme I. The values of fi (i = 1, 2, 3, 4) , g1 and g2 in the two
schemes are close to each other but there are some apparent differences for g3 and g4 in the
two schemes. ξ1’s in the two schemes are close to each other and consistent with the results
in references. However there is a discrepancy between ξ2’s in the two schemes. ξ2|ω=1 in
Scheme I is exactly 1/2 but ξ2|ω=1 in Scheme II is slightly lower than 1/2 predicted by the
large Nc theory. The deviation may be due to the non-zero mass of the light constituents in
hadrons ( baryon). We also evaluate the form factors fi (i = 1, 2, 3, 4) and gi (i = 1, 2, 3, 4)
in the heavy quark limit in terms of the Isgur-Wise functions ξ1 and ξ2 in the two schemes
and there are not apparently differences between them. Applying the form factors derived in
the framework of the LFQM we evaluate the semi-leptonic decay rates of Σb → Σ∗c with and
without taking the heavy quark limit. The results in both cases do not decline much from
each other, moreover, our numerical results are qualitatively consistent with that estimated
in terms of different approaches.
It is noted that the Scheme I retains apparent Lorentz invariance for the vertex function
whereas, even though the Scheme II seems to be more physical, the cost we pay is that the
explicit Lorentz invariance is lost. This is a more profound question which we are going to
address in our following work.
Since the RUN-II of the LHC is operating well and a remarkable number of data on
Σb( production and decay) is being accumulated by the LHCb collaboration, we have all
confidence that in near future the rates and even the details of various decay modes would
be accurately measured, so theorists will have a great opportunity to testify all available
models and re-fix relevant model parameters.
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Appendix A: Semi-leptonic decays of ΣQ → Σ∗Q′lν¯l
The helicity amplitudes are expressed in terms of the form factors for ΣQ → Σ∗Q′ [30, 31]
HV,A1/2, 0 = ∓
1√
q2
2√
3
√
MΣQMΣ∗Q′ (w ∓ 1)[(MΣQw −MΣ∗Q′ )N
V,A
4 (w)
∓(MΣQ ∓MΣ∗Q′ )(w ± 1)N
V,A
1 (w) +MΣ∗
Q′
(w2 − 1)N V,A2 (w)
+MΣQ(w
2 − 1)N V,A3 (w)],
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HV,A1/2, 1 =
√
2
3
√
MΣQMΣ∗Q′ (w ∓ 1)[N
V,A
4 (w)− 2(w ± 1)N V,A1 (w)],
HV,A3/2, 1 = ∓
√
2MΣQMΣ∗Q′ (w ∓ 1)N
V,A
4 (w), (A1)
where again the upper(lower) sign corresponds to V (A) andN Vi ≡ gi, NAi ≡ fi (i = 1, 2, 3, 4).
The remaining helicity amplitudes can be obtained using the relation
HV,A−λ′,−λW = ∓HV,Aλ′, λW .
Partial differential decay rates can be represented in the following form
dΓT
dw
=
G2F
(2π)3
|VQQ′|2
q2M2Σ∗
Q′
√
w2 − 1
12MΣQ
[|H1/2, 1|2 + |H−1/2,−1|2 + |H3/2, 1|2 + |H−3/2,−1|2],
dΓL
dw
=
G2F
(2π)3
|VQQ′|2
q2M2Σ∗
Q′
√
w2 − 1
12MΣQ
[|H1/2, 0|2 + |H−1/2, 0|2]. (A2)
The ratio of the longitudinal to transverse decay rates R is defined by
R =
ΓL
ΓT
=
∫ Σmax
1 dΣ q
2 pc
[
|H 1
2
,0|2 + |H− 1
2
,0|2
]
∫ Σmax
1 dΣ q
2 pc
[
|H 1
2
,1|2 + |H− 1
2
,−1|2
] . (A3)
Appendix B: the form factor of ΣQ → ΣQ∗
u¯(P¯ , Sz)γ
µP¯ βuβ(P¯
′, S ′z), u¯(P¯ , Sz)P¯
′µP¯ βuβ(P¯
′, S ′z) , u¯(P¯ , Sz)P¯
µP¯ βuβ(P¯
′, S ′z),
u¯(P¯ , Sz)g
µβuβ(P¯
′, S ′z) are multiplied to the right side of Eq.(21), then
F1 =
∫
{d3p˜2}
φ∗Σ∗c (x
′, k′⊥)φΣb(x, k⊥)
2
√
3p+1 p
′+
1 (p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
×[εα(P¯ ′, σ)](p1/′ +m′1)γµ(−γ5)(p1/+m1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz)u¯(P¯ , Sz)γµP¯ β}, (B1)
F2 =
∫
{d3p˜2}
φ∗Σ∗c (x
′, k′⊥)φΣb(x, k⊥)
2
√
3p+1 p
′+
1 (p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
×[εα(P¯ ′, σ)](p1/′ +m′1)γµ(−γ5)(p1/+m1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz)u¯(P¯ , Sz)P¯ ′µP¯ β}, (B2)
F3 =
∫
{d3p˜2}
φ∗Σ∗c (x
′, k′⊥)φΣb(x, k⊥)
2
√
3p+1 p
′+
1 (p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
×[εα(P¯ ′, σ)](p1/′ +m′1)γµ(−γ5)(p1/+m1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz)u¯(P¯ , Sz)P¯µP¯ β}, (B3)
F4 =
∫
{d3p˜2}
φ∗Σ∗c (x
′, k′⊥)φΣb(x, k⊥)
2
√
3p+1 p
′+
1 (p1 · P¯ +m1M0)(p′1 · P¯ ′ +m′1M ′0)
Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
×[εα(P¯ ′, σ)](p1/′ +m′1)γµ(−γ5)(p1/+m1)[−γ5ε∗/(P¯ , σ)]u(P¯ , Sz)u¯(P¯ , Sz)gβµ}, (B4)
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u¯(P¯ , Sz)γ
µP¯ βuβ(P¯
′, S ′z), u¯(P¯ , Sz)P¯
′µP¯ βuβ(P¯
′, S ′z) , u¯(P¯ , Sz)P¯
µP¯ β uβ(P¯
′, S ′z),
u¯(P¯ , Sz)g
µβuβ(P¯
′, S ′z) are timed on the right side of Eq.(25),
F1 = Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
[
γµP¯ α
f1(q
2)
MΣb
+
f2(q
2)
MΣbMΣb
P¯ αP¯ µ +
f3(q
2)
MΣbMΣ∗c
P¯ αP¯ ′µ + f4g
αµ
]
u(P¯ , Sz)u¯(P¯ , Sz)γµP¯
β}, (B5)
F2 = Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
[
γµP¯ α
f1(q
2)
MΣb
+
f2(q
2)
MΣbMΣb
P¯ αP¯ µ +
f3(q
2)
MΣbMΣ∗c
P¯ αP¯ ′µ + f4g
αµ
]
u(P¯ , Sz)u¯(P¯ , Sz)P¯
′
µP¯
β}, (B6)
F2 = Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
[
γµP¯ α
f1(q
2)
MΣb
+
f2(q
2)
MΣbMΣb
P¯ αP¯ µ +
f3(q
2)
MΣbMΣ∗c
P¯ αP¯ ′µ + f4g
αµ
]
u(P¯ , Sz)u¯(P¯ , Sz)P¯µP¯
β}, (B7)
F4 = Tr{uβ(P¯ ′, S ′z)u¯α(P¯ ′, S ′z)
[
γµP¯ α
f1(q
2)
MΣb
+
f2(q
2)
MΣbMΣb
P¯ αP¯ µ +
f3(q
2)
MΣbMΣ∗c
P¯ αP¯ ′µ + f4g
αµ
]
u(P¯ , Sz)u¯(P¯ , Sz)g
β
µ}. (B8)
Then by solving these equations one can obtain the expressions of f1, f2, f3, f4.
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